Picolinic acid (PA) is a natural toxic pyridine derivative. Microorganisms can 21 degrade and utilize PA for growth. However, the full metabolic pathway and its 22 physiological and genetic foundation remain unknown. In this study, we identified the 23 pic gene cluster responsible for the complete degradation of PA from Alcaligenes 24 faecalis JQ135. PA was initially 6-hydroxylated into 6-hydroxypicolinic acid (6HPA) 25 by PA dehydrogenase (PicA). 6HPA was then 3-hydroxylated by a four-component 26 6HPA monooxygenase (PicB) to form 3,6-dihydroxypicolinic acid (3,6DHPA), which 27 was then converted into 2,5-dihydroxypyridine (2,5DHP) by a decarboxylase (PicC). 28 The 2,5DHP was further degraded into fumaric acid, through PicD (2,5DHP 29 dioxygenase), PicE (N-formylmaleamic acid deformylase), PicF (maleamic acid 30 amidohydrolase), and PicG (maleic acid isomerase). Homologous pic gene clusters 31 with diverse organizations were found to be widely distributed in α-, β-, and 32 γ-Proteobacteria. Our findings provide new insights into the microbial metabolism of 33 environmental toxic pyridine derivatives. 34 35 36 3 / 20 Importance 37 Picolinic acid is a common metabolite of L-tryptophan and some aromatic 38 compounds and is an important intermediate of industrial concern. Although the 39 microbial degradation/detoxification of picolinic acid has been studied for over 50 40 years, the underlying molecular mechanisms are still unknown. Here, we show the pic 41 gene cluster responsible for the complete degradation of picolinic acid into the 42 tricarboxylic acid cycle. This gene cluster was found to be widespread in other α-, β-, 43 and γ-Proteobacteria. These findings provide new perspective for understanding the 44 mechanisms of picolinic acid biodegradation in bacteria. 45 46 4 / 20 157 PicF showed high similarities (40~60%) to 2,5DHP 5,6-dioxygenase, NFM 158
Introduction
Picolinic acid (PA) is a natural toxic pyridine derivate. PA is a dead-end 48 metabolite of L-tryptophan via the kynurenine pathway in humans and other 49 mammals (1, 2) . It has been identified in various biological mediums, such as cell 50 culture supernatants, blood serum, and human milk (3). PA can also be produced in 51 other biological processes, including the microbial degradation of 2-aminophenol, 52 nitrobenzene, catechol, anthranilic acid, and 3-hydroxyanthranilic acid (4-7) (Fig. S1 ). 53 In industrial applications, PA is an important intermediate in the organic synthesis of 54 pharmaceuticals (e.g. carbocaine), herbicides (e.g. picloram and diquat), and 55 fungicide (e.g. 3-trifluoromethyl picolinic acid) (8, 9) . Moreover, due to its chelating 56 properties, PA is added to chromium and iron preparations as a way to treat diabetes 57 and anemia (10, 11) . Nevertheless, the toxic or disadvantages to the use of PA have 58 also been found. PA has been shown to inhibit the growth of normal rat kidney cells 59 and T cell proliferation, enhance seizure activity in mice, and induce cell death via 60 apoptosis (12) (13) (14) . In particular, PA showed high antimicrobial activity at 61 concentrations as low as 8 μg/L, which is enough to inhibit the growth of 62 Gram-positive bacteria (15) (16) (17) . 63 No reports showed that PA could be metabolized by humans (18) . Nevertheless, 64 numerous microorganisms were found to degrade PA, such as Alcaligenes (19), 65 Arthrobacter (20), Burkholderia (21), Streptomyces (22), and an unidentified 66 Gram-negative bacterium (designated as UGN strain) (23). The bacterial degradation 67 pathway of PA was proposed as: PA, 6-hydroxypicolinic acid (6HPA), 68 3,6-dihydroxypicolinic acid (3,6DHPA), and 2,5-dihydroxypyridine (2,5DHP), 69 according to several previous determinations of degradation intermediates and crude 70 enzymes (Fig. 1) . However, little is known about the degradation mechanism at 71 5 / 20 genetic level. 72 Alcaligenes faecalis strain JQ135 can degrade PA and utilize it for cell growth (24) 73 (25) . Our previous study demonstrated the first genetic evidence involving PA 74 degradation, in which picC (encoding 3,6-dihydroxypicolinic acid decarboxylase) 75 gene was responsible for the conversion of 3,6DHPA to 2,5DHP in A. faecalis strain 76 JQ135 (26) . Nevertheless, the complete degradation mechanism of PA are still 77 unknown. In this study, we reported the pic gene cluster responsible for PA 78 degradation in strain JQ135 (Fig. 1) . The enzymes encoded by the pic gene cluster 79 were expressed and functionally characterized using in vitro enzymatic assays, while 80 the pic clusters in other bacteria were also predicted. Results and discussion 84 Identification of pic gene cluster for PA degradation 85 Previous results showed that gene AFA_15145 (picC) was responsible for the 86 conversion of 3,6DHPA to 2,5DHP in A. faecalis JQ135 (26). Bioinformatic analysis 87 indicated that picC was located in the gene cluster (designated pic). (Fig. 1) . The pic 88 cluster consisted of 13 genes and their predicted functions are summarized in Table 1 . 89 RT-PCR analysis showed that all of the pic genes were induced by PA, except for 90 citrate in MSM (Fig. 2) . The above results suggest that the pic cluster was involved in 91 PA metabolism in A. faecalis JQ135.
93
The picA1A2A3 encodes the PA dehydrogenase (PicA) 94 Previous studies reported that PA was initially 6-hydroxylated to 6HPA (19, 23, 95 24, 27). The hydroxylation of N-heterocyclic aromatic compounds were usually 96 catalyzed by multicomponent molybdopterin-containing dehydrogenase (28, 29) . In 97 the pic gene cluster, the picA1, picA2, and picA3 gene products showed the highest 98 similarities (~40%) to the respective subunits of molybdopterin-containing 99 dehydrogenases, such as carbon monoxide dehydrogenase and caffeine 100 dehydrogenase (Table 1) . PicA1, PicA2, and PicA3 were predicted to contain binding 101 domains for the molybdopterin cytosine dinucleotide (MCD), FAD, and two [Fe-S] 102 clusters, respectively ( Fig. 3 ). Thus, the picA1A2A3 genes were considered to catalyze 103 the first step of PA degradation. When the picA1A2A3 genes were deleted, the 104 acquired mutants JQ135ΔpicA1A2A3 lost the ability to grow on PA but could still 105 grow on 6HPA (Fig. 4) . The complementation strain 106 JQ135ΔpicA1A2A3/pBBR-picA1A2A3 restored the phenotype of growth on PA. 107 Moreover, the picA1A2A3 genes were then cloned into pBBR1MCS-5 108 7 / 20 (pBB-picA1A2A3) and transferred into the PA-non-degrading strain Pseudomonas 109 putida KT2440. The recombinant KT/pBBR-picA1A2A3 was found to acquire the 110 ability to convert PA into 6HPA. When lacking one component, the recombinants 111 KT/pBBR-picA2A3 and KT/pBBR-picA1A2 did not show the transformation ability, 112 indicating that all of these three components were essential. 113 After being pre-grown in MSM containing 1.0 mM citrate and 1.0 mM PA for 114 12h, the cell-free extract of KT/pBBR-picA1A2A3 produced PA dehydrogenase 115 activity when phenazine methosulfate (PMS) was used as an electron acceptor. The picB1B2B3B4 encodes the four-component 6HPA monooxygenase (PicB) 124 The second step in the PA metabolic pathway is predicted to be the 125 3-hydroxylation of 6HPA to 3,6DHPA (23). A BLAST homology search against the 126 database sequences revealed that four genes in the same orientation: picB1, picB2, 127 picB3, and picB4, showed high identities (35%~45%) at amino acid level with the 128 respective components of bacterial Rieske non-heme iron aromatic ring-hydroxylating 129 oxygenases (RHO) (Table 1, Fig. 5 ). RHOs are usually involved in hydroxylation of 130 aromatic compounds (30, 31). Therefore, the picB1B2B3B4 genes were most likely 131 responsible for the degradation of 6HPA to 3,6DHPA. The picB1B2B3B4 genes were 132 deleted from the genome of A. faecalis JQ135. The mutant JQ135ΔpicB1B2B3B4 lost 133 the ability to grow on PA or 6HPA, but could still grow on 3,6DHPA (Fig. 6 ). The 134 complementation strain JQ135ΔpicB1B2B3B4/pBBR-picB1B2B3B4 could utilize 135 6HPA for cell growth. These four genes were cloned into pBBR1MCS-5 and 136 transferred into P. putida KT2440. The recombinant KT/pBBR-picB1B2B3B4 was 137 found to convert 6HPA into 3,6DHPA. Moreover, the recombinants 138 KT/pBBR-picB2B3B4 and KT/pBBR-picB1B2B3 did not exhibit transformation 139 ability, suggesting that all of these four components were necessary. These results and maleate cis-trans isomerase (28, 33) . The primary structure of PicD, PicE, and 9 / 20 deformylase, and maleamic acid amidohydrolase, respectively ( Fig. S3 ), which 159 strongly implies that 2,5DHP follows the maleamate pathway in A. faecalis JQ135. 160 Then PicD was overexpressed in E. coli BL21 (DE3). The purified PicD showed 161 2,5DHP degrading ability, which was measured spectrophotometrically by a decrease 162 in absorbance at 320 nm, with a K m value of 65.72±6.27 μM. PicD showed no activity 163 without 1 mM Fe 2+ , which resembles previous reports of the 2,5DHP dioxygenase 164 from P. putida KT2440 and Ocrobactrum sp. SJY1 (28, 33) . These results suggest that 165 PicD, PicE, and PicF catalyze the formation of maleic acid from 2,5DHP in A. and pic gene clusters were found in all of these genomes ( Fig. 7 , Table S1 ). Besides A. 182 faecalis, the orthologous pic genes were also found in other α-, β-, and 183 γ-Proteobacteria (21 genera and over 160 strains) (Table S1 ). Most of these strains 184 belong to the order Burkholderiales of the class β-Proteobacteria, including genera of 185 Achromobacter, Alcaligenes, Advenella, Bordetella, Burkholderia, Caballeronia, 186 Cupriavidus, Pandoraea, Paraburkholderia, Polaromonas, Pseudacidovorax, 187 Pusillimonas, Rolstonia, and Variovorax. Interestingly, some of these strains are toxic 188 compound degraders (e.g., Achromobacter xylosoxidans A8 and Variovorax sp. (41). Previous reports also showed that bacteria in the genera of Aerococcus, 195 Arthrobacter, and Streptomyces could degrade PA (20, 22, 27) . However, no 196 homologues of pic genes were found in these bacteria, suggesting that other new and 197 unknown catabolic genes might exist. 198 The genetic organization of the pic gene clusters was highly diverse (Fig. 7) . The 199 picA genes usually adjoin picB genes, except in the Cupriavidus strains. In most 200 genera, the picG gene was located between picC and picE. However, in Alcaligenes, 201 Pusillimonas, and some Achromobacter strains, picG was located at a distant site All bacterial strains and plasmids used in this study are listed in Table 2 . Mineral 230 salts medium (MSM) and Luria-Bertani medium (LB) have been described previously 231 (25). Alcaligenes faecalis JQ135 was the wild-type PA-degrading strain (24). P. 232 putida KT2440 is a model Gram-negative organism that cannot degrade PA (28). 233 Sphingomonas wittichii DC-6 is a chloroacetanilide herbicide degrader that is not harvested by centrifugation at 6000 rpm for 10 min at 4 ºC. Cell pellets were then 316 resuspended in 50 mM PBS (pH 7.0) and disrupted by sonication in an ice/water bath. 317 Cell-free extracts were obtained by centrifuging the cell lysates at 16 000 g for 30 min 318 at 4 ºC. The supernatant was later used for PA dehydrogenase assays. PicA activity 319 was analyzed spectrophotometrically at 25 ºC by the formation of 6HPA at 310 nm 320 (ε=4.45 cm -1 mM -1 ) using a UV2450 spectrophotometer (Shimadzu) in 1 cm path 321 length quartz cuvettes (23). The 1 mL reaction mixture contained 50 mM PBS (pH 322 7.0), 1 to 10 μg of total protein from cell extract, 1 mM PA, and 1 mM electron 323 acceptor PMS and the reaction was started by adding PA. One unit of activity was 324 defined as the amount of enzyme that catalyzed the formation of 1 μmol 6HPA in 1 325 min. 326 For the 6HPA monooxygenase (PicB) assays, the cell-free extracts of 327 KT/pBBR-picB1B2B3B4 were used. The preparation of cell-free extracts was the 328 same as that of KT/pBBR-picA1A2A3. PicB activity was analyzed 329 spectrophotometrically by looking for the formation of 3,6DHPA at 360 nm (ε=4.4 330 cm -1 mM -1 ) (26). The 1 mL reaction mixture contained 50 mM PBS (pH 7.0), 1 to 10 331 μg of total protein from cell extract, 1 mM 6HPA, and 1 mM electron donor (NADH 332 or others) and the reaction was started by adding 6HPA. One unit of activity was 333 defined as the amount of enzyme that catalyzed the formation of 1 μmol 3,6DHPA in 334 1 min. 335 The 2,5-DHP dioxygenase (PicD) assays was performed similarly to those 336 previously performed for NicX from P. putida KT2440 (28) and VppE in 337 Ochrobactrum sp. strain SJY1 (33). A 1 mL reaction mixture contained 50 mM PBS 338 (pH 7.0), 0.2 mM 2,5DHP, 0.1 μg purified PicD, and 1 mM Fe 2+ and was incubated at 339 25 ºC. Activity was assayed spectrophotometrically by measuring the disappearance 340 of 2,5DHP at 320 nm (ε=5.2 cm -1 mM -1 ). One unit of activity was defined as the 341 amount of enzyme that catalyzed the consumption of 1 μmol 2,5DHP in 1 min.
343
Analytical methods 344 The determination of PA and 6HPA, 3,6DHPA, and 2,5DHP were performed by 345 Ultraviolet-visible spectroscopy and High performance liquid chromatography 346 analysis were same with a previous study (26). 
